Abstract Brain mechanisms associated with artistic talents or skills are still not well understood. This exploratory study investigated differences in brain activity of artists and non-artists while drawing previously presented perspective line-drawings from memory and completing other drawing-related tasks. Electroencephalography (EEG) data were analyzed for power in the frequency domain by means of a Fast Fourier Transform (FFT). Low Resolution Brain Electromagnetic Tomography (LORETA) was applied to localize emerging significances. During drawing and related tasks, decreased power was seen in artists compared to non-artists mainly in upper alpha frequency ranges. Decreased alpha power is often associated with an increase in cognitive functioning and may reflect enhanced semantic memory performance and object recognition processes in artists. These assumptions are supported by the behavioral data assessed in this study and complement previous findings showing increased parietal activations in non-artists compared to artists while drawing. However, due to the exploratory nature of the analysis, additional confirmatory studies will be needed.
Introduction
Recently, there has been growing interest in collaboration between arts and sciences (Frazzetto and Anker 2009) . Not only are artists getting inspired by scientific work, but scientists are also becoming interested in the secrets of artistic skills, represented for example by drawing.
Drawing a previously seen picture from memory combines different functions. Thus, along with visuo-motor processes, semantic and episodic memory as well as spatial attention processes may be required. In this article we want to concentrate on the former two processes, semantic memory and visuo-motor processes, which have been associated with oscillations in the upper alpha frequency range (Klimesch 1997; Klimesch 1999; Klimesch et al. 2005) .
Drawing and motor imagery of drawing have been investigated with fMRI in untrained subjects. These studies revealed mainly activations of the parietal cortex and motor areas, while decreased or no activation was found in the temporal lobe (Ferber et al. 2007; Harrington et al. 2006; Makuuchi et al. 2003) . Activations from the imagination of drawing were similar to that of real drawing tasks (Harrington et al. 2006) . Also, during modeling, a process related to drawing, parietal areas have been shown to be more strongly activated than temporal regions in normal subjects (Jancke et al. 2001) . Further, left frontotemporal lobar degeneration has been found to facilitate visual artistic skills in non-artists, indicating that the temporal lobe may not play an important role in the drawing process in non-artists or may inhibit artistic skills in untrained subjects (e.g. Gordon 2005; Mendez 2004; Miller et al. 2000) . In contrast, previously trained artists showed no change of artistic skills after left frontotemporal degeneration (Finney and Heilman 2007) .
Regarding artistic expertise, there are just a few studies directly comparing the brain activity of artists and nonartists (Bhattacharya and Petsche 2002; Bhattacharya and Petsche 2005; Bhattacharya 2009 ). Within these studies, EEG data was analyzed in terms of connectivity during mental imagination and visual perception. The drawing process itself, however, has not been compared between artists and non-artists.
In the present study, 16 artists and 16 non-artists were presented with different line-drawings which they had to draw from memory afterwards. They further completed drawing-related tasks such as visual imagination (VI) of the stimulus, motor imagination (MI) of the drawing process and non-object scribbling (adapted from Jancke et al. 2001) . Relating our study to the EEG literature in the field, we roughly hypothesized effects to occur in the upper alpha frequency range during drawing and related tasks. The sources of upper alpha power were calculated applying LORETA. Thereby, particular attention was paid to the distribution of upper alpha power over the temporal and parietal visual association areas.
Materials and Methods

Participants
The experimental group consisted of 16 students or graduates of academies of fine arts (9 female), aged between 22 and 37 years (mean 28.5 ± 3.83). The control group comprised 16 students or graduates of higher education colleges or universities (9 female), aged between 22 and 39 years (mean 28.13 ± 3.95). All subjects were tested with the Annett (1970) and Bryden (1977) handedness questionnaires. Subjects were paid for participation. To guarantee their imaginativeness, they completed an imagination questionnaire for visual (Marks 1973) and motor imagination (designed by the investigators), which at the same time served as training for the later imagination task. Experiments were undertaken with the understanding and written consent of each subject and were approved by the local ethics committee.
Stimuli and Tasks
Prior to the experiment, 13 stimuli had been drawn and evaluated by the investigators. Drawings were controlled by a rating (N = 28) for similarity regarding the dimensions ''familiarity'', ''complexity'', ''imagination coherency'', and ''emotional valuation'' according to Gerlach et al. (2000) . The subjects for the rating were not involved as subjects for the experiments. ''Complexity'' represented the rating of detailedness of the stimuli, ''familiarity'' meant how often the stimuli are encountered in reality or imagination, and ''imagination coherency'' intended the level of similarity between the mental picture of the stimulus and its illustration. The Kruskal-Wallis test of the ratings resulted in significant differences in all dimensions. We therefore chose nine stimuli from the original set, which resulted in similar values when applying the Kruskal-Wallis test for imagination coherency (p = 0.505) and valence (p = 0.162). Pictures differed in ratings of complexity (p \ 0.1) and coherence (p \ 0.05) and were therefore changed according to the raters' comments. The nine resulting similar stimuli are given in Fig. 1 .
Because object recognition is faster if semantically similar objects are depicted (Boucart and Humphreys 1992; Pins et al. 2004) , the stimuli were chosen to represent different kinds of rooms, as shown in Fig. 1 . In order to facilitate object recognition, stimuli consisted of black and white line-drawings without shading, as according to Harley et al. (2004) it is easier to recognize stimuli with higher contrast. All pictures contained about nine objects to control for memory effects, one of them a real animate object (animal or plant).
The experiment was implemented using Presentation software (Neurobehavioral Systems, San Francisco, CA) and contained the conditions ''drawing'', ''scribbling'', visual imagination of the stimulus (''VI'') and motor imagination of the drawing process (''MI''). The order of the conditions was pseudo-randomized among the subjects. During the condition ''drawing'' subjects were asked to copy the picture stimulus from their memory as accurately as possible, while during ''scribbling'' subjects just moved the pen inside the drawing area but were asked not to draw specific forms.
Subjects were seated in a height-adjustable chair with their chins supported by a chin rest in order to avoid head movements. For task performance, a computer keyboard and a 30 9 30 cm drawing board with an angle of 25 degrees was placed in front of the subjects. On the drawing board 18 drawing sheets were placed. In the middle of each sheet a black frame of 7 9 7 cm was printed, representing the drawing area for the conditions ''scribbling'' and ''drawing''. In the center of each square a fixation cross was printed to indicate the centre of fixation during rest. The drawing area was kept this small for reduction of eyemovement artifacts. However, eye movement artifacts while drawing were unavoidable, since visual feedback and the vision on one's own drawing movements influences the progression of movements and are thus important for drawing (Smyth 1989) . Subjects were given a black gel-ink roller for drawing, avoiding different nuances of darkness as often seen in pencil drawings and thus standardizing the drawing movements. The instructions for the motor imagination were adapted from Féry (2003) .
The experiment took place in an illuminated room. Subjects were seated in front of a computer screen with their backs to the investigator, who noted the drawing order of the picture objects. In order to avoid auditory disturbances, subjects wore earplugs.
Before each condition written instructions presented on the computer screen informed the subjects about the following task. Subjects were able to choose the beginning of a condition by pressing a control button on the computer keyboard when ready to continue. Picture stimuli were presented for 30 s on a computer screen in the size 12.5 9 12.5 cm, corresponding to a visual angle of 7.85 degrees. Afterwards, a black background was presented on the screen that indicated the beginning of the active part of the trial (scribbling, drawing, visual/motor imagination). The duration of the conditions was 30, 35, 40 or 45 s in pseudo-randomized order. The changing from black to white background indicated the end of the condition. The experiment consisted of nine different trials containing all five conditions. The order of the nine trials was randomized between subjects. The total duration of the experiment was about 45 min. Figure 2 shows the experimental procedure on the example of one trial. 
Behavioral Analyses
Before the experiment, subjects had to complete a test for visual imagination (Marks 1973) and for motor imagination (designed by the authors). These tests consisted each of three scenarios that had to be imagined. Again three questions were asked for each scenario, which had to be answered on a five-point scale (one: very vivid imagination; five: no imagination). Tests scores were obtained calculating the mean rating for visual and motor imagination respectively. The imagination tests served additionally as practice for the later distinction between VI and MI tasks.
During the experiment, one of the investigators was seated behind the subject and listed which objects were drawn and in which order. This was the basis for the following scores:
(a) Number of objects drawn per session: total of objects divided into the categories ''detail'', ''perspective'', and ''object in space'' (objects contributing to the perspective) (b) Drawing order (''started with detail'' versus ''started with perspective'' or ''started with object in space'')
After the experiment, subjects were asked which and how many of the presented line-drawings they remembered and to list them in written form. Lastly, they had to rate the previously presented line-drawings on the dimensions complexity, familiarity and emotional valuation as described in the methods section ''stimuli and task'' (the dimension ''imagination coherence'' has been removed from the rating because it seemed difficult to understand).
EEG Data Acquisition and Preprocessing
EEG was recorded using 30 scalp electrodes arranged according to a subset of the 10-10 system, which were attached to an electrode cap (Easy Cap System, Falk Minow Services, FMS). The 32-channel amplifier from Brain Products GmbH (Brain Vision LLC, Virginia) was accessed by a recording computer. To measure eye movements, two ocular electrodes were attached bilaterally below both canthi. For recording and analysis Brain Vision Recorder and Analyzer software were used (electrode impedance \5 kX, low and high pass filter 0.1-70 Hz, recording frequency 500 Hz). The raw data was filtered offline with a frequency range of 0.5-30 Hz including a 50 Hz Notch filter. The original reference was FCz. To clean the data of eye movement artifacts, an ICA (Independent Component Analysis) was employed. Remaining artifacts were manually removed. The EEG data of all but the ocular electrodes were transformed to the average reference. For each subject, EEG data was analyzed separately for each condition. In a first step, each of the nine trials of each condition was divided into segments of 1024 data points.
EEG and LORETA Analyses
Frequency domain EEG data was transformed by means of a Fast Fourier Transform (FFT; Brain Vision Analyzer, Brain Products GmbH, Gilching) applied on the segments of 1024 data points to reveal the power spectra (lV 2 ) from 1 to 30 Hz. FFT was computed for non complex data using the full spectrum and the maximal resolution of 0.488 Hz with a 10% window length (Hanning window). The segments of each subject and condition were averaged and analyzed computing a TANOVA (topographic analysis of variance; described in Stein et al. 2006) for the factors ''condition'' (drawing, picture, scribbling, VI, MI) and ''group'' (artists and non-artists) over log transformed spectral amplitudes averaged in the following frequency ROIs defined according to the default LORETA frequency settings (delta: 1.5-6 Hz; theta: 6.5-8.0 Hz; lower alpha: 8.5-10 Hz; upper alpha: 10.5-12 Hz; beta 1: 12.5-18 Hz; beta 2: 18.5-21 Hz; beta 3: 21.5-30 Hz). The TANOVA Fig. 2 Task procedure. The picture shows the task procedure on the example of one trial. Each condition is always preceded by a written instruction (WI) appearing on the white computer screen. The tasks following the WI are started by the subject pressing a control button. The first condition is always represented by the stimulus presentation and lasts 30 s. The following conditions are of a random duration (30, 35, 40 or 45 s) . Also the order of these conditions is random. The duration of the conditions drawing, scribbling, MI and VI was indicated through the darkening and enlightening of the screen, as illustrated by the black borders on the scheme. WI Written instructions, s seconds, MI motor imagination, VI visual imagination Brain Topogr (2011) 23:392-402 395 computes the differences of EEG topographies (Lehmann 1987; Murray et al. 2008 ) and defines its significances with a nonparametric randomization test correcting for multiple comparisons (Manly 1997) . Frequency bands showing significant results on the factor ''group'' were compared between artists and non-artists by means of a t-test in each condition. LORETA (Pascual-Marqui et al. 1994 ) was used to estimate the sources of the significant differences found by means of the TANOVA. LORETA has been validated by studies comparing the results with results from fMRI (e.g. Mulert et al. 2005) , structural MRI (Worrell et al. 2000) and positron emission tomography (PET) (Zumsteg et al. 2005) . It computes electrical activity by assuming similar activation among neighboring neuronal clusters. A threeshell spherical head model and EEG electrode coordinates derived from cross-registrations between spherical and realistic head geometry were utilized, which were both registered to the digitized Montreal Neurological Institute (MNI) standard brain. LORETA also computed an exceedance proportion test (Friston et al. 1991 ) with correction for multiple testing using randomization of the maximum-statistic. This test reported a collection of threshold values and the corresponding probabilities that the number of suprathreshold voxels is significant.
Results
Behavioral Data
Artists (N = 16; mean (M) = 1.9 ± 0.4) scored by trend better than non-artists (N = 16; M = 2.2 ± 0.4) in visual imagination (p \ 0.1). No differences were found in motor imagination (artists M = 2.0 ± 0.7; non-artists M = 2.0 ± 0.5).
Regarding the total number of drawn objects, artists (N = 16; M = 5.64 ± 1.24) performed significantly better than non-artists (N = 15, one subject excluded due to missing recordings of drawing details; M = 4.62 ± 1.20; p \ 0.05). Unpaired t-tests were conducted for each category (perspective, object in space, detail) comparing both groups. The results revealed that artists drew significantly more details than non-artists (p \ 0.01; artists 34%, nonartists 27%). Non-artists in contrast to artists orientated themselves on the perspective of the stimuli, which consisted of the lines building the room or perspective furniture (artists 24%, non-artists 30%).
The evaluation of the drawing order of objects contained also the same three object categories: perspective, object in space and detail. We compared the number of drawings initiated with perspective, object in space or detail between artists and non-artists by means of a Mann-Whitney U-test.
It turned out that artists compared with non-artists tended to begin their drawings more often with a detail (p \ 0.1; artists 8%, non-artists 2%). Non-artists tended to begin their drawings more frequently with perspective lines (p \ 0.1; artists 60%, non-artists 67%). Examples of an artist's and a non-artist's drawing and scribbling, respectively, are illustrated in Fig. 3 .
After the experiment we tested the memory for the presented stimuli. We found no difference between groups (artists M = 6.3 ± 1.3; non-artists M = 6.1 ± 1.5).
The rating of the visual stimuli by the participants was analyzed by means of the Kruskal-Wallis-test. It showed significant differences concerning familiarity and emotional valuation (p \ 0.05), but similar ratings in complexity (p = 0.193) for all subjects rating the stimuli (N = 30; one subject of each group excluded due to missing values). Analyzed within each group, the ratings resulted in very similar valuation of complexity (p = 0.367) and emotional valuation (p = 0.262) and only weak differences concerning familiarity (p = 0.089) in the group of non-artists (N = 15). The Kruskal-Wallis-test for the group of artists (N = 15) showed significant differences in the dimensions familiarity (p \ 0.05) and emotional valuation (p \ 0.001). Concerning complexity the stimuli have been regarded as homogeneous (p = 0.322). The average ratings of artists and non-artists have been compared by t-tests for each rating-item and did not differ between groups. The exact p values were p = 0.508 for complexity, p = 0.465 for familiarity, and p = 0.606 for emotional evaluation.
Spectral EEG Analyses
The TANOVA showed a global effect for the factor ''group'' in the upper alpha frequency band from 10.5 to 12 Hz (p \ 0.05). The other frequency ROIs did not show any significant ''group'' main effects (delta: p = 0.935; theta: p = 0.217; lower alpha: p = 0.704; beta 1: p = 0.108; beta 2: p = 0.841; beta 3: p = 0.317). Driven by these effects we conducted t-tests for each condition and frequency step between artists and non-artists over the frequencies from 10.7 to 12.3 Hz (the difference in the frequency range compared to the other analyses is due to zero padding).
As shown in Fig. 4c , the t-test of the power maps from 10.7 to 12.3 Hz of artists and non-artists during drawing showed a significant decrease of power in artists (t(15) [ 2.13 for p \ 0.05). This effect was seen at right occipitoparietal (10.7-11.7 Hz) and central frontal electrodes (11.7-12 Hz). Accordingly, similar results were obtained for the conditions VI and MI, but not for scribbling and picture presentation, where no differences in this frequency range were found. Figure 4 shows the spectral power maps (10.7-12.3 Hz) for artists (a) and non-artists (b). To illustrate the significance of these findings, a time-frequency analyses was conducted over all frequencies comparing artists and nonartists. The time-frequency plot is shown in Fig. 5 and serves only the purpose of illustration of the frequencies' behaviour; time-based effects cannot be applied on the drawing functions as analyzed in this study.
LORETA
Since the TANOVA resulted in a significant main effect on the factor ''group'' in the upper alpha band (10.5-12 Hz), we computed LORETA analyses for this frequency band for all conditions to roughly localize the sources.
A significant difference in upper alpha power was seen during drawing in inferior and middle temporal areas of the right hemisphere, consisting of decreased upper alpha power in artists compared to non-artists. The localized regions and the corresponding t-values are listed in Table 1 .
During VI and MI, decreased upper alpha power was revealed in artists mainly in right hemispheric primary and secondary visual areas, in right inferior and left middle temporal regions and in the right posterior cingulate cortex. During picture presentation and scribbling no significant differences in upper alpha power were revealed using LORETA.
The exceedence proportion test computed in LORETA resulted in p(cls) \ 0.05 for upper alpha effects of the contrast artists versus non-artists for drawing, MI and VI.
Discussion
Within this EEG study we analyzed the differences in brain activity of artists and non-artists while drawing and performing drawing-related tasks. The analysis has been based on the a priori hypothesis that the differences would mainly be observed in the upper alpha band, which is supported by the data. However, other hypotheses, affecting other frequency bands are conceivable, such that problems of multiple testing across the seven frequency bands may have occurred. For a more conservative discussion of the issues raised here, further confirmatory studies are necessary. The mean number of drawn objects is an indicator for the pace of drawing as well as for semantic memory capacity. As seen in the drawings of artists and non-artists, artists drew significantly more details. This may be explained by a better semantic memory, although drawing speed may be generally enhanced in artists compared to non-artists. With these behavioral results we support the findings of a visual memory study from Vogt and According to the analysis of the subjects' stimulus rating, the visual stimuli can be regarded as standardized for non-artists in all three dimensions (complexity, familiarity and emotional valuation). In contrast, artists seem to apply different criteria as ratings varied between the different pictures regarding familiarity and emotional valuation. This may be due to their training in processing pictorial material and could be the subject of further studies.
As hypothesized, the upper alpha frequency band power differed significantly between artists and non-artists. Upper alpha power was significantly decreased in artists during drawing, MI, and VI; with similar topographies during all conditions. The sources of the upper alpha effect, according to LORETA, lay within the right inferior and middle temporal gyrus for drawing, within the right inferior and left middle temporal gyrus for VI, and within the right inferior temporal gyrus for MI. For MI and VI sources have further been found in primary and secondary visual areas and in the right posterior cingulate gyrus. The results thus show a similarity between task performance and imagination conditions, which has also been found by Jancke et al. (2001) and Bhattacharya (2009) . VI and MI induced almost the same theta and upper alpha effects. Subjects may have had difficulties in the distinction of these two tasks and may therefore have imagined visual as well as motor processes in both tasks.
Alpha power has been suggested to inversely correlate with cortical activity as measured with fMRI (Laufs et al. 2003) . This is particularly the case for regions of the socalled default mode network which involve the anterior and posterior cingulate cortex, orbitofrontal and parietotemporal areas, the superior frontal gyrus, the insula, the supramarginal gyrus and the supplementary motor areas (Jann et al. 2009 ). Within these regions, alpha is suppressed by eye opening, visual stimuli and visual scanning, whereas it is known to be enhanced during internal tasks, such as mental calculation and working memory. Oscillations in the alpha frequency range have thus been thought to reflect inhibition of task-irrelevant cortical areas (Palva and Palva 2007) . Alpha levels at rest and its consequent response during tasks vary in different subjects. During EEG at rest, higher alpha power has been associated to high cognitive capacity, whereas during cognitive tasks a decrease in alpha power was present in good performers (Klimesch 1999) . Alpha has further been related to spatial attention (Rihs et al. 2007 ), semantic memory (Klimesch et al. 1993; Klimesch et al. 1997 ) and visual discrimination performance . Thus, different aspects of spatial attention can either cause decreases or increases of alpha power over occipito-parietal electrodes (Rihs et al. 2007 ). Further, decreases in upper alpha power compared to baseline are associated with enhanced semantic memory functions in one study , while in an other study, this effect seems to correlate specifically with bad performance (Klimesch et al. 1993) . A decrease in alpha power has also been associated to better visual discrimination performance . Holding these varying results in mind, the decrease in upper alpha power during drawing may possibly reflect an enhanced recall from semantic memory of previously stored shapes in artists compared to non-artists obtained by extensive practice. This is supported by the localization of the alpha effects to the temporal lobe in all three conditions, since the right inferior temporal gyrus has been found to be responsible for feature and object discrimination and for the integration of visuospatial perception (Mendez 2004) . The behavioral results showing more drawn objects and pictorial details by artists support this conclusion. Further, the alpha decrease in left middle temporal areas in artists during VI and MI may reflect a better performance of imagination tasks in artists compared with non-artists. This is by trend supported by the behavioural VI scores.
The spatial distribution of the effects found in this study can be addressed in light of the neural efficiency hypothesis (Haier et al. 1988 ) which originally explained brain plasticity in the context of training. There is a whole branch of research on practice and expertise as well as on intelligence which may be comparable to talent. Recently, Neubauer and Fink (2009) and Kelly and Garavan (2005) concluded in their reviews that there is no clear evidence for a pattern of decrease or increase of brain activation related to practice, intelligence or expertise. Various studies reported brain activation decrease with practice or in brighter subjects (Grabner et al. 2004; Lengger et al. 2007) , while other studies reported brain activation increases in task-relevant brain areas (Debaere et al. 2004) or activation decreases in some brain regions and increases in others (Poldrack and Gabrieli 2001) . Moderating variables of these changes may be sex, task type, task complexity, task difficulty or brain area. Neural efficiency arises in particular when subjects are confronted with subjectively low to moderate task difficulty. In complex tasks more able individuals seem to invest more cortical resources resulting in positive correlations between brain usage and cognitive ability (Doppelmayr et al. 2000; Doppelmayr et al. 2005; Gray et al. 2003; Larson et al. 1995; Lee et al. 2006; Neubauer et al. 1999) . Similarly, Lamm et al. (2001) claim that the neural efficiency hypothesis may only be supported in timeunrestricted conditions. In restricted conditions, good performers may invest additional effort and consequently gain more correct responses on a behavioural level. Thereby, the investment of cortical effort may be a volitional decision of the individual. Practice of motor tasks may result in low recruitment of frontal executive functions when the task processing occurs in an automated manner (Kelly and Garavan 2005; Ross et al. 2003) . This is however not the case in our study since the movements for drawing are variable and may never become automated. Effects revealed by our study are found mainly on the right hemispheres of topographies and LORETA images. This is in-line with findings from Harrington et al. (2006) and from lesion studies on artists suffering from righthemispheric distortions (e.g. Berti et al. 2007; KleinerFisman et al. 2003; Kleiner-Fisman and Lang 2004) . Moreover, most effects were localized within temporal areas. As mentioned before, drawing and related tasks have been found to activate parietal regions omitting the temporal lobe in untrained subjects (Ferber et al. 2007; Harrington et al. 2006; Makuuchi et al. 2003) . Since no differences were located within parietal regions, we conclude that in both artists and non-artists the parietal lobe may equally contribute to drawing processes and related tasks. The differences localized in the temporal lobe may indicate that this region is possibly involved in such tasks in artists only. It may further be an indicator for a higher amount of interaction between ventral and dorsal visual streams in artists. This assumption is based on a recent study from Himmelbach and Karnath (2005) , which has shown a contribution of the ventral visual stream to visuomotor processing and target-oriented movements under certain conditions.
Conclusion
Within this study, the actual drawing process has been compared between artists and non-artists for the first time. These exploratory results show significant differences in the amount and distribution of upper alpha power during drawing, MI and VI, but not during the control conditions of scribbling and picture viewing. This pattern suggests a differently distributed network for drawing in artists as compared to non-artists.
The processes examined in our study are very complex and require inseparable motor and cognitive functions, which cannot be clearly divided. Nevertheless, this study reveals interesting neuronal and functional differences in active and mental drawing tasks between artists and nonartists.
